One of the most promising approaches to addressing the challenges of securing cheap and renewable energy sources is to design catalysts from earth abundant materials capable of promoting key chemical reactions including splitting water into hydrogen and oxygen (2H 2 O -2H 2 þ O 2 ) as well as both the oxidation (H 2 -2H þ ) and reduction (2H þ -H 2 ) of hydrogen. Key to elucidating the origin of catalytic activity and improving catalyst design is determining molecular-level structure, in both the 'resting state' and in the functioning 'active state' of the catalysts. Herein, we explore some of the analytical challenges important for designing and studying new catalytic materials for making and using hydrogen. We discuss a case study that used the combined approach of X-ray absorption spectroscopy and transmission electron microscopy to understand the fate of the molecular cluster, [Mn 4 O 4 L 6 ] þ , in Nafion.
Introduction
Securing cheap and renewable sources of energy is one of the greatest challenges of the 21st century. [1, 2] Compared with other possibilities for renewable energy sources, it is argued that solar energy has the greatest potential to provide sufficient energy to meet the world's needs. [3, 4] The challenge of using solar energy is the cost, which is still far from comparable to fossil fuels. [5] A promising approach to utilizing solar energy is photoelectrochemical splitting of water (H 2 O) into hydrogen (H 2 ) and oxygen (O 2 ) and to then use the hydrogen for energy. To split water, catalysts must be developed to implement two key chemical reactions; one to oxidize water into protons and dioxygen (2H 2 
) and the other to reduce protons to hydrogen (2H þ þ 2e À -H 2 ). In addition, in order to use the hydrogen in fuel cells, the oxidation of hydrogen (H 2 -2H þ þ 2e À ) needs to be coupled to oxygen reduction. [5, 6] If this could be done cheaply and efficiently without catalyst deactivation, solar powered water splitting could be used to make hydrogen, which could be used 24 h a day in fuel cells and stored until needed. [5] There are two key approaches to the design of catalytic materials. One is to develop and apply our knowledge of how enzymes catalyze processes in biology, the other is to use and develop our knowledge of functional materials. In the bioinspired approach, we draw our inspiration from nature, and ultimately try to understand the way nature has designed catalysts. This involves probing the structures and properties of two key catalytic centres (i) Photosystem II [9] [10] [11] (Fig. 1  upper) , which catalyzes water oxidation; and hydrogenase ( Fig. 1 lower) , which catalyzes both the oxidation and reduction of hydrogen. The materials approach to this problem is to learn about the properties of existing materials and to use this knowledge in the creation of new and improved materials. Among the most effective materials for catalytic water splitting are the metal oxides including photocatalysts TiO 2 , [12] WO 3 , [13] MnO 2 [14, 15] and electrocatalysts RuO 2 , [16] IrO 2 [17, 18] and Co-Pi. [19, 20] For the reduction of protons Pt [21] [22] [23] and alloys [24, 25] are the best known, while several other materials have been reported as active catalysts including Ni [26] and Pd, [26] photocatalysts, MoS 2 /CdS, [27] PEDOT polymer, [28] and several molecular compounds. [29, 30] Of the three reactions described above, the hardest to mimic has been hydrogen oxidation, with the only known catalysts being hydrogenase (vide supra) and Pt and Pt alloys. [24, 25] Despite the increasing number of materials that are known to catalyze the reactions described above, none have proved sufficiently cheap and robust for long-term applications. For example, one of the most efficient water splitting systems reported to date is a composite system of Cu 2 O, Al doped ZnO, TiO 2 and Pt; however, it becomes less active after an hour of operation. [31] If we could maintain the photo-efficiency of this catalyst and stop its deactivation process, the goal of generating cheap hydrogen would be within reach. To improve this, and other catalysts, a full understanding of both the mechanisms of action and deactivation need to be elucidated. Key to these, is understanding the atomic-and molecular-level structure of the material, before during, and after catalysis. about how matter is probed at the atomic-and molecular-level more generally. Any material we wish to study can be depicted at some point on the scale shown in Fig. 2 . At the bottom of the scale are materials that form single crystals, whereas at the top are molecular species. The structures of many materials including many catalysts fall between the two limits.
Materials on the right hand side of the scale exist as bulk single crystals [33] and can usually be studied with X-ray diffraction. Once the geometric structure is well estimated the electronic structure of the materials can be calculated with for example, plane wave density functional theory (DFT). [34] So at the single crystal limit, both the electronic structure and geometric Catalysts for water oxidation and hydrogen oxidation and reduction. [7, 8] structure of materials can be well understood. At the other end of the spectrum are molecular materials, which are well suited to study by the inorganic spectroscopic techniques including electron paramagnetic resonance, [35] Mössbaur, [36] UV-Vis-NIR, [37] and magnetic circular dichroism. [38] These techniques focus on a metal centre via its electronic transitions or magnetic signature, or a combination of both. This has contributed substantially to understanding metal sites in biology [39, 40] and molecular inorganic compounds. These results are often correlated with those from computational methods to gain a good understanding of the relationship between structure and function. [39, 41, 42] So materials at the top and the bottom of the size scale are well understood in terms of both electronic structure and geometric structure.
While techniques are available to study materials at the 'molecular limit' and single crystal 'materials limit', materials falling in between are affected by material size, disorder in crystallinity, defects etc. and their study can be extremely challenging. One way to overcome this is to combine complementary techniques that can probe different properties of the material. Two techniques that work well together for this purpose are X-ray absorption spectroscopy (XAS) and transmission electron microscopy (TEM).
X-ray Absorption Spectroscopy
An XAS experiment fundamentally measures absorption as a function of photon energy. [43, 44] XAS has several advantages over other types of spectroscopic techniques particularly for studying materials in complex matrices, such as electro-catalysts. First, an X-ray absorption edge is element specific. Second, XAS does not need the material to be in any particular form. So, for example, an amorphous material can be studied as well as the surface of a functional active catalyst, or an electro-catalyst in situ. [45] [46] [47] [48] Two families of XAS spectra are shown in Fig. 3 . The upper spectrum is typical of a transition metal L 2,3 -edge, the lower spectrum is typical of a K-edge. The spectra are of two common coordination compounds, [Fe(tacn) 2 ]Cl 2 and [Fe(tacn) 2 ]Cl 3 . The spectra are different because of the differences in selection rules that dominate the spectra. A transition metal L-edge is dominated by the dipole allowed 2p -3d transition, the shape of these spectra are dominated by ligand field and covalency type effects. [38] The K-edge spectrum as shown, has three regions: (i) the pre-edge (1s -3d transition); (ii) the edge (1s -4s,4p transition), together these two regions are often referred to as the X-ray absorption near edge structure or XANES; (iii) the extended X-ray absorption fine structure (EXAFS) region. This provides structural information, via the interferences of the ejected photo-electron, [49, 50] (light) . To the right the transitions responsible for each of the spectra are shown. The L 2,3 spectra arises from the dipole allowed 2p -3d transition and are dominated by ligand field and covalency type effects. [38] The K-edge has three regions: the pre-edge (1s -3d transition); the edge (1s -4s,4p transition), which together are often referred to as the X-ray absorption near edge structure; and the extended X-ray absorption fine structure region, which results from the ejected photoelectron. Crystalline order: a scale from the molecular to the materials. In general, characterization techniques work well for molecular species and for bulk single crystals [33] but not well for materials lying between the two limits.
further below. Note that for heavier elements EXAFS can be determined from the L 3 edge as the spin orbit splitting between the L 3 and L 2 edges increases, and that the L-edges can be referred to more generically as XANES.
Transmission Electron Microscopy
As recently as the last few decades, if a material did not form single crystals it was not possible to definitively assign the regular atom spacing within the material. This meant that little was known about the structure of many common materials. This changed with the advent of TEM. The mechanisms of diffraction and high-resolution imaging in TEM have many aspects in common with those of X-ray diffraction and EXAFS. All involve obtaining structural information by the interference of scattered waves; TEM utilizes electrons with energies in the range 100-300 keV, EXAFS utilizes photoelectrons with energies from several hundred up to several thousand eV. For the case of electron diffraction in a TEM experiment, like X-ray and neutron diffraction, the constructive interference of scattered electrons gives rise to diffraction peaks. However, unlike X-rays and neutrons, the strength of the electrostatic interaction between the incident electrons and the electrons and nuclei within the specimen means that diffraction patterns can be formed from very small volumes of material. This aspect gives electron diffraction an advantage in the characterization of nanomaterials and materials with only microcrystalline order. For catalysis, this means that the structure of the materials can still be proved even when the materials are highly disordered or the size of the materials is only a few nanometres (or 10 s of Angstroms). For example, the surface defect structures of platinum nanocatalysts have been determined using a highresolution TEM (HRTEM) technique. [22, 51] In addition, when only electrons scattered to high angles are collected to form images under scanning focussed electron probe geometry (HAADF-STEM mode), chemical composition of the materials can be obtained at atomic resolution. [25, 52] Fig . 4 shows a bright field TEM image of manganese oxide nanoparticles embedded in a Nafion film and the inset shows the corresponding selected-area electron diffraction pattern. In selected-area diffraction (SAD), an aperture is placed in an intermediate image plane so that the diffraction pattern is obtained only from the specimen area of interest, which is typically several tens to several hundreds of nm wide. [53] The SAD pattern reveals the atomic plane spacings, thus it can be used to determine the phase of the material (speciation). SAD is particularly useful when the size of crystals are too small for X-ray or neutron diffraction, as is often the case for catalytic materials.
In imaging mode, TEM can provide direct information on the size and structure of materials. High-resolution phase-contrast (HRTEM) imaging is a widely used technique to characterize nanoparticles. The characteristic lattice fringe contrast arises from the interference of the electron waves in the image plane, providing structural information at atomic resolution. The technique is particularly useful when the particle size is too small to obtain an adequate diffraction signal. Fig. 5 shows an example of a HRTEM image of PtRu nanoparticles supported on carbon black. These particles are only 2 nm in size. Even SAD cannot reveal any structural information (diffraction peaks) for supported particles of such small size. However, the HRTEM image clearly shows that these particles are crystalline. Analysis of the lattice fringe spacing reveals that these particles have a structure very similar to that of pure platinum. Recently, with the advent of TEM with aberration correctors, the resolution of HRTEM images is routinely better than 1 Å . Another advantage of aberration correction is that the image 'delocalization' is greatly reduced, therefore allowing imaging of atomic structure of materials with greater accuracy. [22] For example, the individual atomic column of PtRu nanoparticles can be clearly seen in the aberration-corrected TEM image shown in Fig. 5b .
In employing any analytical approach to studying catalysis, it is important to capture the material in as close as possible to its functional state. This is a challenge for analytical chemistry as many catalytic materials have quite complex components that make analytical experiments difficult. For example, it is common for catalysts to be supported or to be made of composite materials, while others need an over-potential to work, which can change material composition. It is therefore important to develop new methodologies that enable us to study catalytic materials as close as possible to their functional state. Fig. 6 shows the adaption of both a transmission electron microscopy experiment and an X-ray absorption experiment to study an electro-catalyst. An electrode can be studied ex situ (the electrode at various states of catalytic cycling) and in situ with an over-potential applied. Using electron microscopy techniques, a standard TEM grid can be modified to be a working electrode by growing or depositing a catalytic film on the grid and subjecting it to the active conditions of catalysis.
Both XAS and TEM have limitations in studying materials. While XAS is element specific, its sensitivity decreases in going out from, with increasing atomic distance; or when atoms are far away (.7 Å ) from the centre of the absorbing atom. This means, for example, that it is difficult to get information about particle size. TEM can also be limited, as it only gives the 'projected' structure of the material. In other words, TEM only gives two-dimensional structural information. This means, for example, that it is difficult to pinpoint the exact location of a dopant atom within the matrix compared with XAS. [54] By combining the approaches, the limitations of each technique can be overcome providing detailed molecular level understanding of functional catalyst materials, an example of which is described below.
A Case Study: Combining XAS and TEM to Understand the Fate of a Molecular Compound in Nafion
The molecular nature of the active site of photosystem II (PSII) has meant there has been a significant synthetic effort directed towards making molecular mimics, both to better understand PSII and to design better catalysts. An efficient manganese water-oxidation catalyst was prepared by doping a tetranuclear
þ (L ¼ diaryl phosphinate) into at Nafion polymer matrix that had been deposited onto conductive electrodes (e.g. glassy carbon, fluoride doped tin oxide). The embedded catalyst was shown to sustain water oxidation catalysis for an extended period on illumination with visible light and application of a potential bias (1.0 V v. Ag/AgCl). The photocurrent generated by this photoanode was confirmed to originate from water oxidation through isotopic labelling experiments (formation of 36 O 2 was found on introduction of 18 OH 2 into the solvent). Removal of water by working in anhydrous organic solvent led to a complete loss of photocurrent. [55] However, there were still questions about the fate of the complex in Nafion and about the actual catalytic cycle leading to the observed catalysis. [55] [56] [57] [58] This prompted us to examine the problem further using XAS.
Initial studies focussed on the changes that took place when the cluster was loaded into Nafion by XAS. The results from the initial set of experiments are shown in Fig. 7 .
From the XANES data shown in Fig. 7a þ that was doped into Nafion. However, a careful analysis of the EXAFS reveals that the material formed upon electro-oxidation is more ordered (Fig. 7c) , as evidenced by the second peak of the Fourier transform indicated by the arrow, which changes from being split from the non-symmetric cubane to having only two peaks. A second series of experiments was conducted with different starting materials (Mn 2+ /H þ ) and [(bipy) 2 Mn(O) 2 Mn(bipy) 2 ] 3þ , which were also shown to be active water oxidation catalysts after loading into Nafion. It was found that upon re-oxidation, they all gave almost identical XAS spectra (Fig. 8) . Moreover, the same spectra could be reproducibly generated on cycling, with application of a bias and followed by irradiation with light, and so on, which suggested that a clean transformation between oxidized and reduced compounds was taking place during catalysis. It was, therefore, concluded that the likely candidates for the water oxidation catalyst were not the materials initially doped in Nafion (as originally thought) but a common product, which could form from the three different starting materials. Given that the active material could be generated by electro-oxidation of Mn 2+ , doped in Nafion, the likely candidates were manganese oxides or small soluble clusters. From the EXAFS of the material, it could be shown that the short range connectivity of the material resembled that of the manganese oxide phase birnessite. [59] However, it was not known whether the EXAFS was from molecular-sized manganese clusters or an oxide material. To further examine whether manganese oxide particles had formed in the Nafion film, high-resolution TEM studies were undertaken on both the oxidized and reduced states of the Nafion films doped with either [Mn 4 O 4 L 6 ] þ and Mn 2+ from an acidified solution. Nanoparticles (1-2 nm diameter) were identified in the TEM image of the oxidized films from both, whereas no nanoparticles were identified in the reduced state. [59] In addition to discovering the origin of the catalytic material, XAS experiments were used to show that the origin of the photocatalysis was from photo-reduction of the birnessite-like phase to Mn 2þ , providing a biogeochemical-like cycle for the observed water oxidation mechanism. [59] In nature, such light sensitive manganese oxide materials are produced by bacteria, and then dissolve on irradiation forming Mn 2+ and oxygen. [60] [61] [62] 
Conclusions
Many catalyst materials are difficult to study by traditional spectroscopic approaches, being neither molecular materials nor fully ordered crystalline phases. By combining TEM and XAS, materials that sit between these two limits can be investigated providing insights into the origin of catalysis in these analytically challenging systems. The power of combining multiple experimental methods to elucidate reaction mechanisms has been nicely demonstrated in our investigations of the origin of water oxidation catalysis by photoanodes comprising Mn complexes embedded in Nafion. Fig. 8 . A comparison of arbitrarily scaled extended X-ray absorption fine structure spectra of electro-oxidized (El Oxid.) products in Nafion with those of natural and synthetic birnessites. The largest difference in the extended X-ray absorption fine structure spectra occurs at k ¼ 8 Å À1 , indicated by the arrows. Adapted with permission from reference. The product of cubane in Nafion ϩ1.1 V -Step 2
The product of cubane in Nafion -Step 1 þ in Nafion, State 1 (-.-); and (iii) the electro-oxidized product of (ii), State 2 (-). The data is represented as: (a) X-ray absorption near edge structure, pre-edge (inset); (c) extended X-ray absorption fine structure; (d) Fourier transform of the extended X-ray absorption fine structure. Adapted with permission from reference. [59] 
